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To evaluate the neutron energy spectra in the irradiation field of a materials testing reactor, the corresponding spectra are determined on a critical facility of identical core configulation by multi-foil activation measurements.
The validity of this method is examined.
In the present work, emphasis is laid on the thermal-to-intermediate transition energy region. For spectrum unfolding, the SAND-II code is utilized, with the cross section data for all the detector foils taken from ENDF/B-IV. Self-shielding corrections are successfully applied on the activation cross section data of the foils, being based on a mono-energetic model.
An examination is made of the error incurred by this expedient. The neutron energy spectrum, which is an essential tool for analyzing the irradiation .characteristics of nuclear reactors, has been principally taken up in its fast energy region when considering the irradiation of steel and other structural materials of reactors, and the intermediate and thermal regions, when examining fuel irradiation and many cases of isotope production. For instance, in estimating the production of 124Sb from natural antimony by irradiation, the resulting prediction will be directly influenced by the manner in which the neutron flux level is evaluated in the region of epithermal neutrons. Evaluation of the neutron spectra of the multi-purpose jrradiation reactor, JMTR (Japan Materials Testing Reactor) has been the subject of study of the present authors for some time, in the cause of which, the entire neutron energy spectrum has been covered by both calculation and experiment.
The experimental part of the work has been performed mainly by multi-foil irradiations in a critical facility, JMTRC (JMTR Critical Facility).
This paper covers the part of multi-foil experiment measurements that were made in the intermediate and thermal neutron energy regions. In these measurements, the principal role is played by several resonance detectors.
These detectors are particularly suited to use in locations where the neutron flux is much lower than in actual irradiation practice, on account of the relatively short half-lives of the neutron induced products and their large activation cross sections.
An ideal combination is thus constituted by the use of these resonance detectors in a critical facility, which has a relatively low flux while it well simulates the neutron field of the actual reactor in respect of reactor physics aspects, to permit detailed physical study by such means as multi-foil irradiation.
The technique of measuring the reactor neutron spectrum by means of resonance detectors has progressed through many years of development, and supplemented with the recent improvements seen in the evaluation of the detector nuclei cross section data and in unfolding and other associated skills, it can today determine the neutron spectra of nuclear reactors with considerable accuracy. The basic techniques utilized in the measurement of spectra in the intermediate and thermal energy regions have been reviewed by Zijp(1), whose work also contained disintegration data, the resonance parameters of certain representative detectors, and analysis of self-shielding. Kondo(2) made resonance detector measurements of the thermal and epithermal neutron spectra in the thermal column of a low flux reactor ; his study further explored the range in which resonance detectors could usefully be applied. The unfolding code SAND-II utilized in the present work is that given by McElroy et al. (3) , who noted how the selection of foil and differences in the initial spectrum influence the unfolded results in the program document.
Correction to account for neutron self-shielding in resonance detectors has been undertaken by Zijp et al.(4) on the energy-dependent cross section file represented in the format of the SAND-II library including comparisons with experimental data. Nakazawa & Sekiguchi(5) proposed a technique of "uni-resonance approximation of higher resonances", in which a number of higher resonances are unified into a form resembling single resonance. The authors applied the technique to several resonance detectors based on Connolly's table of resonance integrals(6) applicable to various foil widths. In the present work, further consideration is given to the treatment of resonances to perform self-shielding correction to cross section data.
Foil irradiations were performed at three locations in the JMTRC representing typical positions utilized for JMTR service irradiations. The resulting spectra are analyzed for space dependence in reference to several parameters.
Moreover, the roles filled by the various resonance detectors used in the measurements are examined, together with their particularly useful properties ; the possibility is also considered of their utilization in the absence of a standard field for benchmark testing, consequently the uniqueness of the obtained neutron spectrum. Fig. 1 , which were considered to represent typical irradiation fields utilized for irradiation.
The elements at these positions were provided with an open-top and water proof Al tube extending about 1 m above the pool water surface. At the bottom of this tube stood a 30 cm high Al column on the top of which was placed a 10 cm high Al block. This block carried the foils set on its upper face and a monitor foil on its bottom face. In some runs, the resonance detectors were irradiated with Cd, while in other runs bare foils were irradiated individually for detecting neutrons of energy below the Cd cut off ; also resonance foils were irradiated bare. For normalizing the activation values obtained from multiple foil irradiations, In-foil was used to monitor the products of the 115In(n , n')115mIn reaction. This 115mIn-producing reaction has its threshold at arround 1 MeV, and for this reason the data were normalized to fast neutron flux level, where the values. are not very sensitively affected by whether they were measured with or without Cd cover.
The monitor In-foil was irradiated without Cd cover to avoid disturbance affecting the objective neutron field, especially in measurements in the range of low energy neutron flux. The amount of 115mIn produced by irradiating the In monitor was determined with particular attention paid to eliminate the misleading effect that should be brought by the high activity of the 54 min decay 116mIn produced mainly by thermal neutrons, to mask the 336 keV g-ray from 115mIn. With this view, foil counting was not performed until the day following the irradiation.
To minimize the uncertainty arising from the cooling time provided before counting, the decay constant was precisely determined by counting 115mIn at three points in time during a period extending beyond 20 h : This measurement yielded a decay constant of 0.1527 h-1+-1%, which reduced the error incurred in the 115mIn determination to within 3% when the counting was performed after 18 h cooling. For the normalization of values obtained from bare foil irradiations, Au-foil was used, for its advantages of easy handling and activity determination. Table 1 lists the reactions used, in the present experiment, with indication of wheth--71 -er the irradiations were made with or without Cd cover. The g-counting of the foils was performed with a 60 cc coaxial Ge(Li) detector connected to a 4096 channels pulse height analyzer ; for X-ray counting on the (n, n') reaction products, use was made of a pure Ge detector 7 mm thick, with 200 mm2 active area. The foils were so selected that their combined sensitivities covered the entire energy spectrum from the thermal to the lower part of the fast neutron region, which would provide each of the foils with an evaluated activation cross section data file, and which in fact permitted the ENDF/B-N supplemented with the dosimetry file to be used almost throughout, with activation in the low flux neutron field carried to a level that should provide a reasonably reliable counting rate above the background. The combination of Lu-foil and Eu-foil can be expected to contribute effectively to determining the neutron spectrum in the transitional region between thermal and resonance, the main resonance zone being in the thermal energy region in the case of Lu, while that of Eu being just beyond the transition energy. This combination has been the subject of some study, together with some other foils, at ECN, Petten, using the thermal column of the LFR (Low Flux Reactor) as standard neutron field (2) .
Certain fast neutron detectors are adapted to monitoring the lower part of the fast neutron region, and are thus suitable for examining how the resonance and the fast regions join each other in the spectrum.
The (n, n') and fast fission detectors also offer promise of useful applications, and studies in this direction are in progress. Table 3 gives the data of the fast detectors of interest to the present work. The reaction rates of irradiated foils are determined by g-or X-ray counting based on the values of decay g branching ratio, X-ray conversion coefficient, fluorescent yield and other available isotope data.
In the present instance, the decay data of the reaction products from the foil nuclei were taken from the references mentioned in Table 2 . The g yield data were based on those given by Meixner (7), and supplemented by data from other sources where they were found to give better results in the present work. For 177Lu, the g yields were adopted from the data book edited by Erdtmann(8) , who gave values greater by a factor of 2 or so compared with those from other references.
To obtain the 238U fission rate, a combination of two depleted U-foils of different 235U content (3.78 x10-4 and 2.2 x10-3) were irradiated together, and counts were taken of one of the fission products-140La decayed from 140Ba. Reference (9) was utilized for the fission yields of 140Ba from 235U and 238U.
Evaluated cross section data were found for the total (n, g) reaction of 151Eu (producing 152mEu and 152Eu)
, but nothing was for 151Eu(n, g)152mEu. Consequently, the production of not only 152mEu but also 152Eu was necessary to be estimated. It can be surmised that 152Eu and 152mEu would be produced in comparable quantities, but this could not be substantiated, since 152Eu was not generated in amount such as to provide statistically meaningful g counts, on account of its long half-life and the low neutron flux of the present irradiation field. For this reason, the production ratio of 152mEu and 152Eu respectively for the bare and the Cd covered foils, were sought from the data reported on the LFR thermal column experiment(2) mentioned in the previons section.
-73 -The reaction rate of 103Th(n, n')103mRh requires to be derived with particular care in choosing a suitable cooling interval to eliminate the influence of 104mRh and 104Rh produced by (n, g) reaction. In the present work, the 20 keV Ka and 23 keV Kb, X-rays were counted repeatedly in the period between 30 min to 3 h after irradiation, from which it was judged that a cooling time of 1.5 h should provide the best results.
4.
Spectrum Unfolding
In the present work, the SAND-II program was utilized for spectrum unfolding. This code deals with the neutron flux in 620 fixed energy groups ranging of 10-10-10~18 MeV. A great advantage of this code is that it requires only iterative adjustment from an input initial spectrum, and dispenses with matrix inversion.
Among well-established foil-unfolding codes, the SAND-H offers the convenience of permitting observation of the effect on the finally derived spectrum brought by differences in input activity, in the initial spectrum and in the cross section library data, due to the multi-energy group iterative procedure which it utilizes. Taking advantage of this faculty of SAND-II to indicate the influence of input data on the resulting spectrum, incongruities in this spectrum were examined to conversely inspect the applicability of the originally adopted data. If the interval between these upper and the lower limits is within a reasonable range, it should not be indispensable to seek the exact approach for the self-shielding corrections : A simpler yet practically valid expedient is to substitute S by Sa for calculating the self-shielding coefficients, and to keep a check on the limits of the error that might thereby be incurred through verifications using St as S.
For properly performing the corrections on the energy dependent cross section data, it is essential to take an adequate number of points, especially around the resonance peaks, because the self-shielding coefficient defined above depends, not on an averaged value like the resonance integral, but on the independent values of the cross section for each sampling point.
The nuclear cross sections for the resonance detectors were taken from the ENDF/ B-IV data file. The resonance parameters given in this file are converted into complete pointwise form with the aid of RESEND (11) which is one of the codes developed for handling the ENDF. The scherne ' of corn-, Nation adopted in the present work is as presented in Fig. 2 , for obtaining the point- A program named SELSHIL-II has been specifically developed for the self-shielding corrections in the present work. The cross sections thus corrected for self-shielding are then converted into the form adopted in the SAND-II cross section library. An original cross section curve and its corrected version are compared in Fig. 3 .
A direct correction on the SAND-II type l ibrary cross section data has been attempted 4) Such an approach, however, is inherently impaired by the fact that none of the 620 energy sampling points represents the true resonance peak energy , so that the result is inevitably under-corrected at the resonance.
Taking as example 0 .025 cm thick Cu-foil, the self-shielding factors given by Zijp et al. are lower by about 20% for S=St and 12% for S=Sa.
For large scattering foil, the correction has been performed for both and S=St and the results are compared with each other on the resulting spectra .
IV. RESULTS AND DISCUSSIONS
With particular emphasis laid on the thermal and the intermediate energy regions , spectrum evaluations were performed by multi-foil activation with use throughout of the SAND-II code for unfolding so as to provide a consistent and clear relation between the measured activities and the resulting spectrum.
For determining the initial spectrum , a combination of Maxwellian and simple E-a functions would have sufficed if only the thermal and the intermediate energy regions were of interest.
But in view of the particular importance attached in the present work to continuity of the spectrum in the transition zone between the high and intermediate energy regions of the spectrum, the initial spectrum was derived through ANISN calculations (12) .
The measured data used as input for the unfolding are given in Table 4 . The original foil activation cross sections were taken from the ENDF/B-1V file, and corrected for selfshielding in the manner described in the preceding chapter, for each foil material, thickness and isotopic content.
The following points were examined in connection with the unfolding work :
(1) Practical utility of the detector used, applicability of the isotope data to the activated foil and to the activation cross section used.
(2) Importance of the part played by each foil in spectrum determination.
Other points borne in mind in the unfolding work included :
(1) Practical applicability of the self-shielding corrections (2) Uniqueness of the resulting spectrum (3) Spatial dependence of the spectrum in the reactor.
In the unfolding calculations with the parameters used were the thermal neutron temperature T, and the thermal-to-intermediate facing coefficient m. These parameters were determined by the following procedure : Table 4 Activity input for unfolding computation (a) Find a m value such as to obtain the best balance of the measured-to-calculated activity ratios between thermal and resonance detectors.
(b) Find a T value that minimizes the ratio between measured and calculated values, through the range of thermal activities.
In determining the values of T and m in the above manner, a watch was kept on the resulting shape of the spectrum, prime importance being attached to obtaining a physically acceptable spectrum configuration.
The final spectra thus derived are presented in Figs. 4(a)~(c) for each of the measuring locations, together with the corresponding initial spectra. The iterative process was performed until satisfaction of the prescribed criterion, which was 5% total deviation of the m/c ratio.
For the 177Lu g yield, required for determining the saturated Lu activity, there were found several sources of data, which however deviated considerably from each other, and the choice was given to the value found in the data book compiled by Erdtmann(8) . This value was nearest to that obtained by a measurement made with 4pb scintillation counter(2), in fact, it proved to be the only value, that yielded a spectrum of acceptable shape.
The resulting unfolded spectrum had a simple form in the transitional zone between the thermal and intermediate energy regions, such as to permit examining the propriety of the input data. The activity inputs and cross sections are independent of the foils, so that if a sufficient number of input data for unfolding yield a spectrum of acceptable shape, it can be considered to prove that the result, and therefore also the input data are valid.
Conversely, if the resulting spectrum reveals some disturbance which can be traced to a specific foil, this can be considered to indicate a problem with the activity or cross section of that particular foil. In the present instance, the cross section given by ENDF/B-IV for Dy-used as resonance detector-yielded an incongruous result , and so the Dy data were discarded from the input for unfolding.
The spectrum configuration in the transitional zones between the thermal and epithermal regions and between the intermediate and fast regions were examined with particular attention.
For the thermal-to-epithermal junction , data from the Eu-foil were utilized for sharply scrutinizing the spectrum, while a combination of several low threshold and high resonance energy detectors served the same purpose in the intermediate-to-fast junction.
In practice, in the neighborhood of the 0.461 eV resonance of Eu, the neutron spectrum is strongly influenced by the choice of m and T parameters : when the spectrum in the Maxwellian region is adjusted to conform with the activities of Eu and some other foils including Lu, the discrepancy would shift toward the energy that corresponds to the Eu resonance, which is reached by no other foil. In the higher energy region, on the other hand, in the part where the spectrum curve presents a rising slope, several detectors having their threshold in this region would each contribute their relative error, which would thus be accumulated and amplified in the resultant spectrum.
Such distortion of the spectrum obtained, however, can serve conversely to evaluate the validity of the spectrum itself, particularly by observing whether it presents a physically acceptable shape at the junction between the region of higher energy and of the resonance detectors such as Cu and Mn.
In the present work, the self-shielding correction has been applied letting S=Sa" for all the resonance detectors except Mn and Cu, both of which have a particularly large scattering component at its main resonance compared with that of absorption, while the resonance itself is relatively narrow compared with other detectors used. To these two kinds of foils were applied the expedient described in the preceding chapter, of monitoring the error that is incurred by letting S=Sa.
Check calculation indicated for both kinds of resonance detector a self-shielding effect higher by 15% obtained with S=St than with S =Sa.
Fine adjustment of the final spectrum was carried out using the results of this check, to obtain appreciable improvement, which was testified by the activities measured at the location I-12 which among the three measuring locations promised to yield the simplest spectrum shape. As revealed in Fig. 4 (a) representing the K-10 location, neither depression nor peak is found in the thermal-to-epithermal junction region, where an incongruous foil activity input would have produced sharp depressions and peaks that could not have been effaced by any amount of m and T parameter survey. In the lower part of the fast neutron region, a large hump due to Al resonance is observed, which the evaluation has not modified from the initial ANISN spectrum, because no detector sensitivity reaches the region. Important is that no upward or downward spectrum shift is observed in this region, and beyond this hump the spectrum continues smoothly into the intermediate region in a single line representing both initial and evaluated spectra. This means a rather good agreement between ANISN calculation and measurement, and has been previously expected in the fuel region.
On the other hand, in Figs. 4(b) and (c), some spectrum shift is observed in that energy region due to the influence from the measured activities of the threshold detectors.
In the intermediate energy region, at any measuring point, ripples are observed of varying height depending on the measured-to-calculated ratio of activities at the 0-th iteration in the SAND-II calculation.
In this region, although the 90% response bars overlap each other, the very severe resonance foils are not completely prevented from directly affecting the resultant spectrum.
The ripples however appear to be limited in amplitude, and should not severely disturb the essential profiles of the spectra. Even when the resonance detectors have sensitivity energy ranges that do not adjoin each other, they will still contribute to determining a coherent spectrum, in so far as the detector data are suitably chosen : The spectrum thus obtained does not differ basically from the case where the foil sensitivities overlap each other, as in the fast neutron region. 
